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RESEARCH MEMORANDUM

DETERMINATION AND USE OF THE IOCAL RECOVERY FACTOR FOR CALCULATING
THE EFFECTIVE GAS TEMPERATURE FOR TURBINE BIADES

By Jack B. Esgar and Alfred I.. Lea

SUMMARY

An lnvestigatlon was conducted to determine local recovery factors
for a ILuclte blaede having a veloclty distribution about it similer to
that of a typlcal reaction~type gas-turbine blade for subsonic flow.
Local recovery-factor data were prevliocusly avalleble on simple gecme-
tric shapes such as axial probes, cylinders, and the 1lnside of tubes;
but little was known concerning the effects of blade configuration,
pressure gradlents, and Reynolds mumber on local values of recovery
factor for gas~turbine blades.

The local recovexry factors were essentlally independent of Mach
mumber, Reynolds mumber, pressure gradient, and posltion on the blade
except for reglons where the boundary-layer flow was probebly in the
transition range from laminar to turbulent. The recovery factors
obtained were somewhat higher than indicated by theory for turbulent
boundary-layer flow but were within the range of values obtained by
other investlgators on bodles of various shapes.

Variations in the value of the recovery factor and errors in the
calculated Mach mimber dlstribution around turbine blades result In
small error in the calculation of the effective gas temperature;
the greatest uncertainty is in the determinstlon of the totel temperature
of the gas relative to the turbine blade, It is belisved that further
regearch on recovery factors for subsonlc flow over gas-turblne blades 1s
uNecessary. :

INTRODUCTION

Eckert and Drewitz (reference 1) demonstrated in 1940 that the
finid temperature affecting heat tranafer to a body in & high-veloclty
ges stream was the adlabatic body temperature, which 1s the temperature
a body in the stream would assume at steady-state conditions in the
absence of heat transfer. Pohlhausen had previously derived an expres-
sion in 1921 for the adiabatic wall temperature of & thin flat plate
with no pressure gradient in a high-veloclty gas stream for the case
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where the boundary layer is laminar (reference 2). This expression
related the adlebatic wall temperature to the total and statlc stream
temperatures by a temperature-difference retic, which he found to be a
function of the Prandtl number. The seme temperature-dlfference ratio
used by Pohlhsusen to deflne the recovery factor of a body can also be
used to determine the effective fluld temperature that Eckert and
Drewltz found to be necessary for heat-transfer calculatlions where the
geme heat-tranafer-coefficlent equation can be used for both high- and
low-veloclty streams. If some fluid temperature other than the effec-
tive fluld temperature were used in the heat-transfer calculatlons Ffor
high-velocity fluld flow, the heat-transfer coefficient may take on
values that are negative, zero, or infinite when the stream temperature
approaches the wall temperature as explalned in reference 3.

Local and average recovery factors for bodles of varlous geometric
shapes have been determined by a mumber of Investigators. A survey of
the literature on recovery factors (reference 4) presents values of the
average recovery factor for flat plates, wedges, cones, and cylinders.
Average recovery factors for turbine blades are presented by Eckert and
Welse 1n reference 5. Generally the values of average recovery factors
obtalned were in the range from 0.70 to 0.95; however, the values of the
average recovery factor for cylinders are in some cases lower. Local
recovery factors have been cbtalned for the tralling edge of a reaction-
type turbine blade (reference 5), cylinders (reference 6), cylindrical
axlal probes (references 7 and 8), and inside tubes (reference 3).

The wvalues of the local recovery fao‘bor also lle In the range from Q.70
to 0.95. =

Eckert and Weise (reference 7} have shown, 1n experimente conducted
with an axial probe, an increase In the recovery factor from O. 84 to
about 0.89 as the Reynolde mumber was increased from about 5x10° to
about 16X10° because of transition from laminar to turbulent boundary-
layer flow. Thls trend has been substantiated by analyses. For laminar
boundary-layer flow, the analysls of Pohlhausen (reference 2) shows the
recovery factor to be approximately equal to the square root of the
Prandtl number for fluild Prandtl mmbers less than 10. In alr at 80° F,

the laminar boundary-layer recovery factor would therefore be about 0.84.

A recent theoretical analysis presented in reference 9 resulted in a
calculated turbulent boundsry-layer recovery factor of approximately
0.88 for subsonic flow of air at a temperature of about 80° F

Because most previcus investigations have been conducted on simple
geonmetric shapes and no information was avallable on the locel recovery-
factor variastion around gas-turblne blades, where there is a relatively
high pressure gradient, an investigation was conducted at the NACA lewis
laboratory to determine local recovery factors around the periphery of a

symne trical blade with & pressure gradient typlcal of that for a reaction-

type turblne blade. Tor gas-turbine application, the fluld stream is a

2242



evee

NACA RM E51G1O 3

gas with a Prandtl mumber very nearly equal to that of alr and the
velocltles of the stream relatlive to the turbine and nozzle blades are
subsonlc or low supersonic; consequently, the investligation was limited
to subsonlic flows with slir as the worklng fluld. ILocal recovery: factors
were obtalned for & range of local Mach mumbers from 0.3 to 1.0 and over
a range of local Reynolds numbers from about 10° to 3x10®. The total
air temperature during the investigation varled from about 70° to 80° F.

SYMBOLS

The following symbols are used in this report:

A area, (sq ft)
Eu Euler number, -~ %% _§§
o
H heat-transfer coefficient, Btu/(sec)(sq £t)(°F)
A chordwise length of blade, (ft)
M local Msch number
o) local static pressure, (1b/sq ft)
p' totael ﬁressure, (1b/sq £t)
Pr Prandtl nunber
Q heat-transfer rate, Btu/(sec)
R gas constant, (£5-1b/(1b)(°R))
T static temperature, (°R)
T total temperature, (°R)

Tea,w local adiebatic wall temperature, (°R)

Te local effective gas temperature, (°R)

T local wall temperature, (°R)
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v Iceal ges velocity, (ft/mec)

v apecific volume, (cu £t/Ib}

x ¢letance from stegomtion point, (ft)
y ratic of mpecific hests

A Iocal recovery fectar

p density, (sluge/cu Tt}

ETATEMARNT JF FROBLEM

The recovery factor is defined es the retlic of the excess of the
adiebatic wall temperature over the static gtream temperature tc the
excess af the stegmmiion, or total, temperature over the static ptresm
temperature far & gas having the equation of state pv = BT; that 1s,

P - Sl (2)

Because the efffectlive gas tempersture fis fsken as the sdlabatic wall
temperature, equation (I} cam be written

p-e”T
TF _ T

In general, the statlie stream tempereture cammot be measured directly,
but 1t iz calcuisated from messuremsnta of the tobkal temperature and

total and etatic pressures. By use of the lsentropic tempereture and
pressure relastlions, the expresslom for recovery Factor can be wrltten

(2)

TF - T
A=13 - = (3)

™ Fl - (ﬁ)ﬂ

In order to determine the efffective gan temperature from known values of
total and static pressurss, the total tempersiure, sepd the recovery fec-
tor, equation (3} can bBe sclved for the effective gms temperature:

T, = T{ 1 - (L-A) {1 - (iﬁ-)?;—l]} (2)

avee
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Equation (4) can also be written to glve the effective gas temperature
as a function of the Mach number for a perfect gas

=t {1 - (1-A - —_— 5
Te = T ( ){1 1+72;1M2} (5)

Local recovery factors are determined experimentally from local
nmeasurements of temperatures and pressures. In many cases, however, an
average recovery factor is determined where an average adiabatic tempera-
ture is measured and the sgtatic temperature may or may not correspond
to the average conditions arocund the body. For example, average
recovery factors that are determined for cylinders, cones, and wedges
are usually based on an undisturbed free-stream static temperature.
Because there is & relation between the local static temperatures at
these surfaces and the free-stream gtatic temperature, these recovery
factors are applicable to other cylinders, cones, and wedges. Conversely
for turbine blades, the relation between the local static temperature at
some point on the blade surface and the undisturbed static stream
temperature at the inlet or outlet of the blade row is usually complex
and is different for every blade profile, angle of attack, and angle of
stagger so that a recovery factor based on an inlet or outlet static
temperature is applicable only toc the turbine-~blade arrangement investi-
gated. Another average recovery factor that is sometimes determined
and is of more general value for turbine blades is one based on an
average statlc gas temperature and an average adlabatic blade tempera-
ture for the blade periphery. The average gas temperature can be
determined from static-pressure measurements around the blade periphery.
In this report, however, only local recovery factors will be considered
for turbine blades.

APPARATUS AND INSTRUMENTATION

Local recovery factors were determined on a symmetrical Imcite
blade with a pressure gradient approximeting that of a reaction-type
turbine blade. The recovery factor of a thermocouple probe was also
determined to investigate the effects of alr moisture content on the
determination of the recovery factors obtained from the Lucite blade at
the higher Mach mumbers.

Iucite Blade
A symmetrical Tucite blade having a 6-inch chord and & 6-inch span

was mounted in a tunnel with contoured walls to provide a pressure
distribution gimllar to that for a typlcal reaction-type turbine blade.
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The tunnel, as shown by the sketch 1n flgure 1, was one previously
deslgned for a liquid-cooling investigation. Three vanes were Iinserted
in the diffuser downstream of the blede to improve the pressure recovery
by effectively decreasing the cone angle of the diffuser. TFor thils
investigation, the ligquid-cooled blade shown in the tunnel was removed
and a Tuclte blade (fig. 2) was installed. The blade conformed to &
NACA 664-021 alrfoil for the first quarter chord and the remainder of
the blade was formed by an arc of 8.65-inch radius wlth a 0.030-inch
radiue at the tralling edge.

Luclte was chosen as the materisl for the blade primerlly because
of lts extremely low thermml conductivity and secondarily because of
.the easse of 1ts fabrication and 1ts transpearency mo that location of
thermocouples and pressure orifices could be determined easily. The
thermal conductivity of Iumciie 1s glven as ranging from 0.1 to 0.14
(Btu/(£t) (br) (°F)) by the memufacturer. This 1s an important charac-
teristic for recovery-factor determination becsuse heat conduction
within the blade should be an absolute minimim in order to obtain true
local adisbatic temperatures. In order to further minimize heat
conduction, air spaces were provided wlithin the blade by drllled holes
and saw cuts in the blade interior ag shown by flgure 2.

Alr for the recovery-factor tests was drawn from the room through
& surge tank, a bellmouth, the test sectlon, and then Into the labora-
tory altitude-exhaust aystem.

A total of 23 lron-constantan thermocouples was installed in the
blade to measure local temperatures for recovery-factor determination
and to determine if any temperature gradients exlsted In & spanwlse
dlrection. The blade thermocouples were all connected differentially
with & thermocouple that read total temperature In a large surge
chamber, The temperatures and temperature differenceg were measured
with a potentiometer with a sensibility of 0.002 millivoltis.

Static-pressure orifices (13) were located arocund the periphery
of the blade to measure local static pressures at the same chordwlse
locations as the blade thermocouples. The total pressure ln the surge
chamber upstream of the test section was read on & mercury mancmeter and
all the pressure dilifferences between the total pressure and the local
static pressures on the blade periphery were measured with water manom-
eters connected differentially. ' '

Thermocouple Probe for Humidity Investigatlon

A thermocouple probe (fig. 3) was used to determine the effect of
alr humidity on the determination of recovery fectors. The apparatus
end instrumentation for this Investigatlion are described in reference 10.
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PROCEDURE
. Inclte Blade Investigation

The lnvestigation of the Iuncilte blade to determine local recovery
factors was conducted ueing air drewn from the test cell. In this way
it was posslible to maintaln the total temperature and pressure as well
ag the totel flow rate at constant values. In addltion, the Dblade
temperature was very near the temperature of the room so that heat
losses were minimized.

It 1s shown in the section "Effective-Gas-Temperature Determination”
that for Mach numbers less than 0.3 the effective gas temperature is at
least 99.5 percent of the total temperature, so that values of recovery
factor at these low Mach mumbers are of no practical use; consequently,
thermocouple readings at locations on the blade where local Mach numbers
were less than 0.3 were not used to calculate local recovery factors.
At the leading and tralling edges of the blade, the wvelocities on
opposite sides of the blade were greatly different. This dlfference
caused varistions in the adiabatic temperatures of the blade surfaces.
The blede was thin in these reglons and heat conductlon could easily
cause errors ln the recovery-factor data; therefore, data from these
regions were not used in the celculation of local recovery factors.

For these reasons, only the six thermocouples in the locations shown

in figure 2(b) were used in the local-recovery-factor determination.

In order to eliminate the possibllity of constant temperature-difference
errors, the zero on the potentiometer was checked periodically at zero
alr flow. At thls condition, the temperature differences between all
blade thermocouples snd the thermocouple reading total alr teumperature
were zero.

Local Mach mumbers were calculated from measurements of the total
pressure 1n the surge chamber upstream of the test section and from the
static-pressure measurements on the blade. The local recovery factor
was calculated by use of equation (3) where T' - Te was taken as the
dilfferential temperature measurement between the total temperature in
the surge chamber upstream of the blade and the local blade temperature.
The total temperature and pressure of the alr were sssumed to remaln
constant throughout the test section.

In order to determine the possibllity of boundary-layer transition
from laminar to turbulent flow, 1t was necessary to evaluate the Euler
mmber varistion around the blade. The Euler mimber 18 deflned as

=

Ea = -
ov2

Eis
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and wag calculated using plots of the ratio of total pressure to local
static pressure against the distance from the stagnatlon point to
evaluate dp/dx. The density p was calculated from the measured local
static pressure and the calculated local static temperature (from total-
and static-pressure measurements and total-temperature measurement).

The local velocity V was calculated from the local statlc temperature,
the local statlic pressure, and the total pressure.

Humidity Investigation

If air used in the experimental determinstion of recovery factors
has a relatively high molsture content, the static temperature of the
alr 1s reduced below the dew point at high Mach numbers and can
pogsibly ceuse condensation of the molsture in the air. The alr
temperature would then be increased by the release of the heat of
vaporization. If this condition occurs, the measured totel tempera-
tures and the calculated statlc temperatures are In error and therefore
the calculated recovery factor would be 1n error.

A separate Investigation was conducted on & thermocouple probe to
determine if this effect occurs in the experimental determination of
recovery facotors. The 1Investigation was conducted over a range of
Mach numbers from 0.2 to 1.0 using alr having two different dew pointe,
nemely 470.5° R, which is the static temperature that was obtalned at
a calculaeted Mach number of 0.822 for the inlet total-alr temperature
of 534° R in this investigation, and 415° R, which was below the statilc
temperature at any of the Mach mumbers Investigated. The recovery
factors were calculated in the same manner as explained for the Iuclte
blade. ' :

ACCURACY CONSIDERATIONS
Recovery-Factor Determination

Recovery factors are usually determined experimentally at approxi-
mately ambient-air conditlions in order to reduce conmduction heat logses
to & minimum. At these temperatures the differeihces between total,
gtatlc, and effectlve temperatures are quite small, particularly for
Mach mumbers less than 0.3, so that extreme care 1s required in the
temperature and presgure measurements in order to minimize errors in
the recovery factor. The effects of errors in these measurements of
the approximate magnlitude encountered in this investigetion are shown in
figure 4 for the following assumed conditlons: +true recovery factor,
0.89; total pressure, 30 inches of mercury absoclute; total tempersture,
540° R. On figure 4 the maximum error in temperature measurement is
assumed to be +0.1° F and the maximm error in statlc-pressure

2vae
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measurement is +0.1 inches of mercury. The effects of these small
errors are almost negliglble for Mach mumbers greater than 0.45;
however, at lower Mach numbers, these errors may cause large variatlons
in the value of the calculated recovery factor, partlcularly I1f the
errors are accumilatlve.

W’ith proper instrumentatlon, temperatures can be read to wlthin
+0. 1° F without great difficulty; but if care is not used to guard
agalinst conduction within the body 1tself, the temperatures in the
blade can he affected enough to cause la.rge errors in the recovery-
factor determination.

Effective -Gas-Temperature Determination
In calculating heat-transfer rate from the equnation
Q = HA(Te - Ty) (6)

it can be seen that the magnitude of the temperature differemce T, - Ty
governs the required accuracy ln determining the effective gas tempersa-
ture Te. For very small temperature differences, Te W11l bave to be
determined accurately, whereas for larger temperature differences, such
as those that will probably be cobtained or cooled turbines, a greater
tolerance 1n the accuracy of determining Te would be acceptable.

From the nondimensiongsl temperature plot in flgure 5, the effect
of Mach number on the recovery factor can be determined. Foxr Mach
mmbers less than 1, the effectlive gas temperature will be at least
95 percent and probably more than 97.5 percent of the total tempera-
ture; for low Mach mumbers, the value of the recovery factor has little
effect on the calculated effective gas temperature, but at higher Mach
mumbers the effect 1s more pronounced. In the experlimental determina-
tilon of recovery factors, the recovery factors can be determined quite
accurately at high Mach mumbers, but the accuracy is conslderably
poorer at low Mach mumbers. Because these effects are compensating, the
over-all result is that 11ttle difficulty is experienced in calculating
the effective gas temperature for Mach numbers in the subsonlic range.

As mentioned previously, there is evidence that indicates a change
in recovery factor as the boundary-layer flow changes from laminar to
turbulent. It 1s probable that the recovery factor, for most bodles,
wlll be in the range between 0.85 and 0.90 for subsonic flow whether
the boundary layer 1s laminar or turbulent.

If the true recovery factor is 0.89 and a recovery factor of 0.85 is
used for calculetion instead, the maximm error at & Mach number of 1
will be 0.66 percent of the total temperature (fig. 5). At a relative
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total gas temperature of 1500° F . (1960° R), 0.66 percent would amount to
an error of less than 13° F which is probably smaller than the error
that would be obtained in the fotal-tempersature measurement of a high-
veloclty gas stream at thls temperature.

EBffect of Brrors in Experimental Measurements

In order to determine the accuracy of the recovery factors obtained
in this investigatlon, an analyslis wasg made of the possible errors
involved in the experimental measurementa.

Errors in total-temperature measurement. - The total gas tempera-
ture was the only temperature that was measured absolutely. All other
temperatures were measured differentislly with this total temperature.
The estimated accuracy of the total-temperature measurement was wilthin
12° R. Small errors in total-temperature measurement are of little
importance so long as all other temperature measurements are based on
the total temperature. For example, an error of 10° F in the measure-
ment of the total temperature at 80° F would cause & maximum error of
0.2 percent in the recovery factor at Mach mumbers from 0.3 to 1.0.

Errors in temperature-difference measurements. - Perlodic checks
at zero alr flow were made to determine If the dlfference between the
total temperature and the local adlabatic blade temperatures was zero.
These checks eliminated the possibility of constant temperature-
difference errors. In additlon, such an error would cause a variation
of recovery factor with Mach number; such a veriatlon was not observed.

The accuracy of small temperature-difference measurement 1s
primarily dependent upon the sensibllity of the potentiometer and is
affected little by the absolute calibration of the thermocouple wire
becanse the variation in electromotive force per degree Fahrenheit for
difTferent batches of wire is so small that temperature-difference
errors become glgnificant at large temperature differences only. The
potentiometer had a senslbility of 0.002 millivolts, which resulted in
a maximum estimated error in the temperature-~difference meesurements of
0.07° F. This estimated error would have a negligible effect on the
recovery factors obtalned at high Mach mumbers and would cause a
maximm error of only 30.9 percent at a Mech mumber of 0.3.

Errors in presgsure measurement. -~ Errors in pressure measurement
would affect the evaluation of the local recovery factor because the
gtatic~temperature values used 1n the calculation of recovery factors
were based on the total- and static-pressure measurements. The static
pressures were meesured differentially with the total pressure measured
in a duct upstream of the blade. Water manometers were used for the
differential measurements and the estimated accuracy of the
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pressure-difference measurements was 0.2 inch of water. S8ix total-
pressure probes were Installed In the duct upstream of the blade and
the readings from the probes agreed within 0.1 inch of mercury. The
recovery factors obtalned at different locations on the blade were
conslstent, indicating that there were no faulty statlc-pressure
readings because of burrs or other faults 1in the pressure orifices.

Error due to conduction of heat in the blede. - Conductlon of heat
in the blade was reduced to a minimm by fabricating the blade from a
materlal having an extremely low thermal conductivlity, and heat-flow
paths were interrupted by removel of material from the blade inbterior
ags shown in figure 2. In addltlon, recovery-factor data were not used
from regions of the blade such as the leading and tralling edges where
it was thought that conductlon might interfere wilth accuracy. Ro
conduction occurred ln the spanwlse dlrection as shown by the thermo-
couples used for indicating heat flow 1n thls direction. Consiastent
recovery factors obtalned at adjacent locations along the blade gave
fTurther evidence that there was no transfer of heat between the
ad jacent stations.

PRETIMINARY INVESTIGATION ON EFFECT OF ATR HUMIDITY

The air used 1ln the determination of the local recovery factors
for the symmetrlical Imcite blade had a relatively high molsture content.
As mentioned previously, thils condition could posslibly cause an error
in the calculation of the local recovery factors. A preliminery inves-
tlgation was therefore conducted to determine if mmidity would cause
an error in the determination of recovery factors when the thermocouple
probe shown in flgure 3 1s used. The recovery factors obtalned for the
probe for alr et two dew polnts are shown in Ffigure 6. If molsture
condensation were to affect the evalunation of the recovery factor, 1t

would be noticeable at the right of the vertical line at a Mach number of

0.822 in figure 6. At this Mach mumber, the statlc air temperature is
the same as the dew polnt for the higher dew-point alr. Because no
divergence occurred between the data ahbove a Mach nmumber of 0.822 for
alr at two dew points, 1t can be concluded that hmumldity had no effect
on the determination of recovery factors.

The Tuclte blade investlgation was conducted over a period of time
and as a result there was a conslderable varlation 1n the umidlty of
the alr used. No discrepancy occurred In the local recovery factors
obtalined at dlfferent times, indicating no effect of humidity in this
investigation also. In no case, for the Imclte blaede investlgation,
was the humidity high enough that the statlc temperature was less than
the dew point for Mach mumbers less than 0.733 and there was no reason
t0 believe that humidity caused any error at higher Mach mmmbers.
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RESULTS AND DISCUSSION OF BLADE RECOVERY-FACTOR
INVESTIGATION
Effects of Reynolds Number and Boundary-Leyer Transition

The local recovery factors obtalned at positions 1 to 6 on the
Lucite blade (fig. 2(b)) are shown plotted against the local Reynolds
number for four small ranges of Mach number in figure 7 and for each of
the six locatlons on the blade surface in figure 8. The characteristic
dimension In the Reynolds number was the dlstance from the stagnation
point to the position on the blade where the local recovery factor was
determined. The veloclty and the density were measured at the same
location. There was no apparent effect of Reynolds mumber shown in the
plots 1n figure 7.

As mentloned previously, 1t is shown in reference 7 that for an
axial probe the recoverg factor 1ncreased 1n the Reynolds mumber range
from approxlimately 5x10° to 16x10° presumable because the boundary-
layer flow changed from laminar to turbulent. Such an effect was not
observed in the data shown in flgure 7. The transition from laminar to
turbulent boundary-leyer flow, however, would undoubtedly be different for
various bodies because transition is infliuenced by a mmber of factors
in addition to Reynolds mumber; for example, pressure gradlent {refer-
ence 11}, surface curvature (reference 12), and gas-to-surface tempera-
ture ratio (reference 13). For recovery-factor investigations, the
temperature-ratlio effect would be practically nonexistent, and 1little
guantitative informetion is avallable concerning the effect of surface
curvature. Translitlon for turbine blades probably takes place when &
pressure minimum occurs on the surface, that ls, when the Euler mmber
is equal to zero (reference 11).

The ratio of total pressure to local static pressure and the Euler
number are plotted against the distance from the stagnation point for
various inlet Mach numbers in figures 9 and 10. The slopes of the lines
from figure 9 were used to determine the Euler numbers in figure 10.

For all velues of inlet Mach number, an Euler number of zero is cbtained
near the leading edge on the suction surface of the blade, but zero Euler
number is never obtained on the pressure surface (fig. lO) This indi-
cates that on the greater portion of the suction surface turbulent
boundary-layer flow occurs and that on the pressure surface laminar
boundary-layer flow occurs; consequently, the recovery factors should be
lower on the pressure surface then on the suctlon surface. This trend

is exhibited in figure 8. Stations 5 and & are on the pressure surface
and the recovery factors for these two stations are lower than for the
other four stations,which are on the suction surface. The recovery fact-
ors Tfor statlions 5 and 6 are above the thecretical value of 0.84 for lami-
nar flow In air probably because the stations are located on a portlon of
the blade that is in the transition range, regardless of the fact that a
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steadily decreasing pressure exists on this surface of the blade. Relia-
ble recovery factors at locations nearer the stagnation point on this
surface could not be obtained becsuse of the low Mach numbers over that
portion of the blade. Reynolds numbers over the range Investigated
apparently had little or no effect on transition,

Effect of Pressure Gradient

Throughout the tests to determine the locel recovery factors on
the TLuclte blade, the pressure gradient at a given statlon was varied
from low to high values by verying the inlet Mach mumber. In addition,
because of the configuration of the Lucite blade and the walls of the
tunnel, the pressure gradient at & given statlon was different from the
pressure gradient at any other station. The pressure-gradlent variation
ls represented by the Buler mumber variation with distance from the
stagnatlion point in figure 10. The variation in pressure gradient
between stations on the blade did not cause & varlation in recovery
factor between stations (fig. 8). The only variatlion in local recovery
factor between stations along the blade was believed due to transitlon
from laminar to turbulent boundary-layer flow as previously discussed.
Mach mumber, which influences pressure gradient (fig. 10), appears to
have 1ittle or no effect on the recovery factors at any statlon on the
blade (fig. 7); therefore, 1t can be concluded that there was no
apparent effect of pressure gradient on the recovery factor.

Correlatlon of Recovery-Factor Datsa

The local recovery factore obtalned for all six stations on the
Tucite blade are plotted in figure 11 for a range of Mach mumbers from
0.3 to 1.0. The least square of the data was teken and the equation
for the mean line was found +to be

A= 0.890 + 0.00M (7)

The recovery factors according to equation (7) varied from 0.893 to 0.899
for the range of Mach mumbers lnvestligated.

In reference 9, an approximete equation for turbulent boundsry-
layer recovery factaors was derived, which represented more sccurately
camputed resulits within 1 percent. In the analysis of reference 9 the
boundary-layer velocity profile was approximated by a power law. For
& boundary-layer profile parameter of 7 and a Prandtl number of 0.705
(cbtained from reference 14 for an air temperature of 80° F), subsonie
turbulent boundery-layer recovery factors were calculsted; these fact-
ors are plotted in figure 11. The theoreticel results are from 1.5 to
2.3 percent lower than the experimental line representing dsta obtained
In this investigation for the Mach number range from 0.3 tc 1.0. In
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both the investigation of reference 9 and the present investigation,
very little variation of the recovery factor with Mach number was
Tound. '

The maximim scatter 1ln the data of this investigation for all
gtations on the blade was @lightly leass than 14 percent. This scatter
was probably due to lncomplete temperature equllibrium when the data
points were recorded. Attempts were mede in all runs to obtaln equili-
brium or steady-state conditions before recording data points; however,
the low thermsl conductlvity of the blade which was necessary to reduce
heat conduction also caused the temperature response of the blade to
be very slow. In addltlon, the temperature differences in recovery-
factor investigations are so small that 1t 1la often difficult to
determine when equilibrium is obtalned. It 1s belleved that the scat-
ter of data was random and a mean line through the data should be close
to.a true value.

USE OF RECOVERY FACTOR IN CALCULATTON
OF EFFECTIVE GAS TEMPERATURE

The greatest error lnvolved in the caloulation of the effective
gas temperature for a turbine blade in most cases will be in the
meagurement or calculatlon of the total gas temperature relative to
the blade., The effective temperature 1is so near to the relatlve total
temperature that reasonable errors In recovery factor are negligible.

The procedures that can be used for calculating the effective gas
temperature for both static cascades and ges-turbline englines wlll Dbe
explained 1n the following paragraphs. )

Static Cascades

Iittle 4ifficulty 1s encountered in calculating the effective gas
temperature In statlc cascades. The pressure or Mach number dlstribu-
tion sround the turblne blade must be determined either experimentally
or analytically and then from a measured total temperature the local
effectlive-gas-temperature distribvution can be calculated by means of
equation (4) or equation (5). It is recommended that the value of
the recovery factor be taken as 0.89. For a ratio of specific heats
equal to 1.4, the variation of the effective ges temperature wilth Mach
mumber can be cbtalined from the nondimensional temperature plot in

The slmplest method of determining the pressure distrlbution around
a8 turbine blade in a cascade 18 by means of static-pressure measurements

2242
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on the blade surface. The total pressure 1is usually assumed to remain
constant along the blade chord for subsonic flow. If static pressure
measurements are unavailable, the pressure distribution around the
blade can be calculated by means of the stream-fllament theory given
in references 15 and 16 for reaction and impulse blades, respectlvely.

Turbine Stator Blades

The method for calculating the effectlive gas temperature for
turbine stator blades ls essentlally the same as for static cascades
except that the total-temperature profile upstream of the blades is
nomniform. The veloclty profile is probably nomuniform also, but
this proflle is of secondary lmportance compared wlth the temperature.
It 1s therefore necessary to survey the total temperatures upstream of
the gstator blade before calculating the effective gas temperatures by
the method outlined in the preceding sectilon.

Turbine Rotor Blades

The calculatlon of the effective gas temperature for turblne rotor
blades can only be an approximatlion because of the déifficulty in
determining the total temperature relatlve to the rotor blade. The
method of determining the average relative total temperature 1is out-
lined in reference 17. Briefly, the method consists in measuring the
temperature of the gas in the engine tail pipe and calculating the
static temperature at the stator ocutlet by means of a heat balance on
the engine. The total temperature relative to the turblne blades 1is
obtained after the gas veloclty relative to the turbine blades 1s
calculated by means of veloclty vectors. The varistlon in gas tempers-
ture along the span of & turbine blade 1n an engine may be several
hundred degrees; therefore, a relatlon between the average gas tempera-
ture and the temperature proflle is also needed In order to determine the
local effective temperature. Probably the only way that this relation
can be obtained is by means of gas-temperature surveys, prefersbly
from the temperature profile on an uncooled rotor blade in the engine.

After determining the relative total-temperature distribution
along the blade span, the approximate pressure distribution around the
blade can be determined by measns of the stream-filament theory (refer-
ences 15 and 16), but the inaccuracles in the determination of the
relative total gas temperature are probably such that an accurate
determination of the pressure dlstribution is unwarranted. For most
rotor blades the local Mach mumbers wlll probably range between 0.7 and
1.0. According to figure 5, for a recovery factor of 0.89, if the
effective gas temperature is taken as 98.6 percent of the relative
total temperature, the maximim error in the calculation of the
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effective gas tempersture for the Mach mumber range from 0.7 to 1.0 and
a relative total gas temperature of 1960° R would be 8.5° R. This error
ig far less than the errors encountered 1n the measurement of a gas
temperature in & high-velocity gas stream. Therefore, only the approxi-
mate pressure or Mach number digtribution arcund a turblne blade is
required in order to calculate the effective gas temperature to the
accuracy normally required in hesat- transfer celculations for cooled
gag-turbine blades.

Because of inaccuracles encountered in the determlination of total
gas temperatures in high-veloclty high-temperature gas streams and the
amall effects of lnaccuracles in the recovery factor on the determina-
tion of effectlive gas temperatures, 1t is believed that further
research on the experimental determinatlon of recovery factors for
subsonlic flow over gas-turbine blades 1s unnecessary.

SUMMARY OF RESULTS

The results of this lnvestigation on the determination and use of
the local recovery factor for determining the effective ges temperature
may be summarized as follows:

1. The local recovery factors determined for a Iuclte blade that
had a pressure dlstribution gimllar to that of & reaction-type turbine
blade were esgentially independent of Mach mumber, Reynolds mumber,
pressure gradlent, and posltion on the blade except for reglons where
the boundary-layer flow was thought to be in the transitlon range from
leminar to turbulent.

2. The values of the recovery factor obtalned were somewhat higher
than 1lndlcated by theory for turbulent boundary-layer flow but were
within the range ¢f velues obtalned by other investigators on bodies

of various shapes.

3. An analysis of poseible errors involved 1n the determination of

recovery factors indicated that the random scatter obtalned 1n the experi-

mental data was probably caused by temperature equilibrium not being
completely obtained for all runs.

4. Varlations in the value of the recovery factor and errors in
the measured pressure or calculated Mach number distribution around
turbine blades result in a small error in the calculation of effectlve
gas temperature; however, the greatest uncertelnty in the calculation
of effective gas temperature in a gess~-turbine englne is the determina-
tion of the total temperature of the gag relative to the turblne blade.

Iewls Flight Propulslon Iaboratory
National Advisory Committee for Aeronsutics

Cleveland, Chlo
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Figure l. - Apparatus used for determination of Lucite-blede recovery factors.
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Figure 3. - Probe used for determination of effect of humidity om recovery factors.
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